Background
Methods
We investigated 68 patients with OI and 44 without OI recruited from the University Hospital Basel emergency room, using a cross-sectional study design. Participating patients spent one night at home with ApneaLink TM and within 2 weeks slept for one night at the sleep laboratory. We reanalyzed all ApneaLink TM data after manual revision.
Results
We identified significant correlations between the ApneaLink TM apnea-hypopnea index (AHI) autoscore and the AHI derived by PSG (r = 0.525; p <0.001) and between the ApneaLink TM oxygen desaturation index (ODI) autoscore and that derived by PSG (r = 0.722; p <0.001). The ApneaLink TM autoscore showed a sensitivity and specificity of 82% when comparing AHI !5 with the cutoff for AHI and/or ODI !15 from PSG. In Bland Altman plots the mean difference between ApneaLink TM AHI autoscore and PSG was 2.75 with SD ± 8.80 (β = 0.034), and between ApneaLink TM AHI revised score and PSG -1.50 with SD ± 9.28 (β = 0.060).
Conclusions
The ApneaLink TM autoscore demonstrated good sensitivity and specificity compared with the gold standard (full-night attended PSG 
Introduction
Obstructive sleep apnea syndrome (OSAS) is characterized by repetitive episodes of upper airway obstruction during sleep, which is associated with intermittent hypoxemia, increased work in breathing, and awakening [1] . In general, OSAS is caused by anatomical and/or functional instability of the upper airway, potentially leading to upper airway collapse. Risk factors contributing to OSAS are pre-existing snoring (years of snoring can lead to neurodegenerative damage from vibration trauma and foster an obstruction of the muscular tube) [2] or increasing tissue pressure (e.g. due to adiposity). Studies have demonstrated that elevated body mass index (BMI) can accelerate the development of OSAS or the severity of apnea over time [3] . Snoring may be the earliest nocturnal symptom of OSAS [4] . OSAS is common with a prevalence of at least 4% among the middle-aged male Caucasian population [5, 6] .
The most common clinical symptom of OSAS is excessive daytime sleepiness [5, 7] , because of the significant reduction of continuous sleep duration and efficiency. A previous study showed that excessive daytime sleepiness affects 7% of the Western population [8] . This daytime sleepiness may be a consequence of sleep-associated breathing disorders [9] [10] [11] . Furthermore, multiple studies reported an increased prevalence of OSAS in patients with heart failure [12, 13] , hypertension [14, 15] , cardiovascular diseases [16, 17] , cerebrovascular diseases [18] , and insulin resistance [19, 20] .
The American Academy of Sleep Medicine (AASM) recommends PSG [21] to diagnose suspected OSAS. However, the high prevalence of individuals with OSAS risk factors and the limited capacity/availability [22] of sleep laboratories present problems. It is estimated that 82% of men and 93% of women with OSAS remain undiagnosed [23, 4] .
Reaction time, skills, and a good psycho-physical capacity diminish during the normal working day. Breaks and sleep are fundamental for relaxation and to regain capacity [24] . The odds ratio for fatigue at work was 30 times higher in heavy snorers and 10 times higher in patients with OSAS compared with reference individuals [11] .
Official reports indicate excessive daytime sleepiness is a primary reason for road traffic accidents, which are often associated with significant morbidity and mortality [25] . Moreover, increasing age, fatigue, smoking, sleep disorders, and conditions affecting balance increase the risk of injury or repeated injury [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Screening for OSAS and sleep disturbances in the general workforce is rarely performed. In the industrial sector, key reasons for the lack of OSAS screening among employees are the large financial outlay required, few hospitals with OSAS specialists, few laboratories for evaluation, and little interest from management [35] . However, screening for sleep-related breathing disorders could be performed when workers with occupational injury (OI) present to emergency care. In this context, a readily available screening device could be used in the days following injury.
Unlike other studies, this study aimed to investigate the diagnostic performance of ApneaLink TM , a three-channel apnea screening device, in two groups of individuals with a relatively low risk of OSAS in an ambulatory setting, although AASM recommends screening only for people with a high pretest probability. We compared ApneaLink TM diagnoses of nocturnal apneas, hypopneas, and desaturations with those measured with full-night attended PSG, 
Materials and methods
Written informed consent regarding the procedures and for the medical data to be used was obtained from all patients according to the guidelines of the local Ethics Regulation Committee of Basel named Ethikkommission beider Basel (EKBB). Due to a regional expansion in 2015 they changed the name from EKBB to Ethikkommission Nordwest-und Zentralschweiz (EKNZ). The review board of the commission approved this protocol in accordance with the amended Declaration of Helsinki (reference number: 37/09). We investigated 68 patients with an OI who presented to the University Hospital Basel emergency room and 44 patients without OI who visited the hospital's outpatient department for other reasons. Patients were recruited between December, 2009 and March, 2012. Recruitment was done on at least one to two working days (Monday-Friday) during a week. On these days, recruitment was consecutive. Height and weight were measured, and BMI was calculated for all participating patients. We included patients aged between 18-65 years, with a theoretical work capacity of 100% (= the person could work at least 42 hours per week) and an actual capacity of at least 50% of full-time employment, as a lower employment does not seem to be sufficient for representing a meaningful time period. We excluded patients with injuries to the brain, thorax, or spinal cord.
After receiving required medical care, patients who had provided written informed consent spent the following night at home with the ApneaLink TM device. A study nurse instructed patients regarding use of ApneaLink TM .
ApneaLink TM device [36]
ApneaLink TM is a multichannel screening tool developed by ResMed that measures nasal respiratory flow, blood oxygen saturation, and pulse rate. The device is strapped to the chest with a belt to ensure the device is aligned with the nasal tube and the pulse oximetry channel. Using a nasal pressure transducer, breath sounds and nasal respiratory flow are registered. The connection between the nose and the device ensures a breath flexible hise. A luer connectora standardized connection system for hose system in the medical field-assures the connection between the device and the hose. The blood oxygen saturation and pulse rate are detected by a ApneaLink TM oximeter and a finger pulse detector. The finger pulse detector measures oxygen saturation in peripheral blood by using red light rays, that it emits through the skin of the fingertip. ApneaLink TM weighs only 50g and is 12.5cm x 6cm x 3cm (length x width x height) in size.The device is battery powered and has a storage capacity of 15 megabytes, corresponding to a minimum of 10-h recording time. The included software analyzes signal-channel created data and produces a report in PDF format. The one-sided standard report shows all the details of the nocturnal recording and analysis. We used ApneaLink TM Software version 8.00 and Firmware version 4.08. Patients returned the ApneaLink TM device after one night, and we imported the resulting data into our computer. To control ApneaLink TM performance, all data were evaluated manually by a medical assistant after receiving detailed instructions from the head of the University Hospital Basel sleep laboratory. The preinstalled ApneaLink TM definitions for all parameters were adopted. During manual analysis, the medical assistant was blinded to PSG outcomes and to group assignment of patients. All reviews were performed by the same person. We focused on the apnea-hypopnea index (AHI) and the oxygen desaturation index (ODI). The AHI is the number of apneas (obstructive, central, and mixed type) and hypopneas per hour of valid recorded sleep time. The ODI indicates the number of blood oxygen desaturations per hour of evaluable sleep time. The first 10 min are automatically excluded from evaluation by the ApneaLink TM software (to consider a delay of sleep). The end of the evaluation and time slots for invalid or missing signal data are also excluded. A minimum of 180 valid minutes of recorded nasal flow signal and/or pulse oximetry signal was required to be included in our analysis.
Full-night attended polysomnography (PSG)
Within 2 weeks after using ApneaLink TM , the OI patient group slept for one night in the sleep laboratory at the University Hospital Basel. All participants underwent full-night attended PSG. A trained medical assistant monitored participants and recordings during the night to ensure continuous recording of data. We recorded chest and abdomen movements, nasal flow, pulse oximetry, electrocardiogram, submental and tibialis electromyogram, electroencephalogram, and electrooculogram, accompanied by a microphone and infrared camera for monitoring. Sleep data were analyzed by a trained physician qualified and experienced in the analysis of sleep studies. PSG recordings were performed according to the AASM Manual for Scoring Sleep and Associated Events criteria. A hypopnea was defined according to AASM as respiratory flow reduced by at least 30% for ! 10 seconds, or reduction in respiratory flow with desaturation accompanied by at least 4%. The maximum duration of a hypopnea was set to 100 seconds. PSG data were collected using RemLogic PSG software (Embla, Broomfield CO, USA).
Statistical analysis
We used IBM SPSS Statistics version 22 for Apple Macintosh for the statistical analyses. Descriptive statistics were computed (mean and standard deviation) for continuous variables. The significance level was set at p < 0.05. The Shapiro-Wilk test was used to examine whether data were normally distributed. Moreover, we visually assessed histograms. Performance of the ApneaLink TM device compared to PSG was evaluated using sensitivity and specificity analysis. Furthermore, we used Spearman's rho coefficient, to evaluate correlations and chi-square tests to test significant differences between patients with and without OI.
Results
In total 160 patients agreed to participate in this study; 112 patients (70%) underwent clinical examination and completed ApneaLink TM and PSG investigations. Descriptive statistics are presented in Table 1 .
Number of evaluable measurements
A minimum recording time of 180 min was required from either the pulse oximetry channel or the nasal flow channel of the ApneaLink TM to fulfill eligibility criteria. A minimum of 180 min of pulse oximetry measurement was available in 88% of patients (mean recording time 410 ± 98 min); and after manual review of ApneaLink TM data this information was available for 87% (mean recording time 409 ± 96 min). In nine (8%) patients, the manual review changed the total number of minutes of pulse oximetry data. In two (2%) of these patients, the extra time gained was !60 min. The time slot for invalid or missing pulse oximetry signal data for participants included into the study was 0.9% (376 min of total 40131 min).
A minimum of 180 min of nasal flow measurement was available in 88% of patients (mean recording time 373 ± 115 min). Manual review of the ApneaLink TM data yielded nasal flow (13) 39 (14) 41 (12) BMI (kg/m 2 ) 26 (5) 26 (5) Ã 24 (4) data for 92% of patients (mean recording time 381 ± 113 min). In 41 patients (37%), the manual review changed the total number of minutes of nasal flow data, and in nine (8%) patients, the extra time gained was !60 min. The time slot for invalid or missing nasal flow signal data for participants included into the study was 1.3% (493 min of total 37504 min).
Correlations between ApneaLink TM and PSG Fig 4) , and manually revised score (p = 0.959, Fig 5) did not reveal significant differences in AHI categories between the two groups.
Discussion
In this cross-sectional study, we investigated the potential of a portable multichannel screening device (ApneaLink TM ) in diagnosing OSAS among hospital outpatients not referred for sleep apnea investigation. ApneaLink TM results were compared with the gold standard (full-night attended PSG). Furthermore, we evaluated if manual revision of ApneaLink TM data contributed additional benefit in terms of diagnostic performance. Screening for obstructive sleep apnea among hospital outpatients
Manual revision of ApneaLink TM data did not appear to contribute an additional diagnostic benefit for patients with a low-to-medium pretest risk for OSAS. The results showed strong correlations for AHI and ODI between ApneaLink TM and PSG. In this study the diagnostic performance of ApneaLink TM appears to be suitable for people with a low-to-medium pretest risk for an OSAS; however, AASM recommends the use of home sleep apnea testing (HSAT) only in patients with a high pre-test probability for OSAS. In addition, a single negative HSAT cannot exclude a diagnosis of OSAS especially if daytime sleepiness, other co-morbidities that are associated with OSAS, or repeated microsleep events are present. Therefore, HSAT does currently not have the potential to replace PSG in this population of patients. When OSAS is suspected either with a low or high AHI in ApneaLink TM testing, patients should undergo investigation with full-night attended PSG.
Participants' demographic and clinical characteristics
We analyzed a population with a low-to-medium pretest risk for OSAS (mean BMI 26 kg/m 2 , mean age 40 years). Overall, we had a relatively low participation rate (70% of all patients recruited) of patients who spent one night with the ApneaLink TM at home and one night in the sleep laboratory for PSG examination. However, another study reported 79% of valid ApneaLink TM autoscore recordings [37] , which is comparable with our study.
In 29% of participating patients investigation in the sleep laboratory was not possible, because the minimum ApneaLink TM recording time (180 min) was not achieved or data were lost due to server problems. The main reason for limited PSG examination was that we were unable to find appropriate dates for some participants as the number of available slots for this study were limited. Moreover, 1% of patients were excluded retrospectively because they were under eighteen years old. Most studies that investigated the diagnostic performance of ApneaLink TM selected populations with a high pretest risk for OSAS (BMI 30.4 ± 5.3 and 29.3 ± 5.4 kg/m 2 ) [38, 39] . A recent systematic review and meta-analysis showed that workers suffering from OSAS have a risk of experiencing work accidents nearly double that of control subjects [40] . Therefore, we considered the group of workers with OSAS as having at least a moderate risk for an OI.
AASM recommends that a HSAT should only be used for screening a group of patients with a high pre-test probability for OSAS. In our study, it was the intention to investigate another population in order to find further reasons for more research at best. In addition, it has to be mentioned that a single negative HSAT cannot exclude a diagnosis of OSAS.
Number of evaluable measurements
A previous study stated that a recording time of less than 4 h when measuring only nasal flow leads to false-negative results (valid for AHI levels of !15) [41] . Therefore, we evaluated a minimum of 180 min recorded data from the ApneaLink TM three-channel screening device and analyzed data (which probably contained all stages of sleep as the first REM episode normally occurs about 70 min after falling asleep) [42] to increase comparability with PSG. The mean recording time of 410 min for pulse oximetry and 373 min for nasal flow, allowed us to investigate ApneaLink TM performance in similar circumstances to other studies [38, 41] .
When investigating the relationship between AHI and ODI measured by ApneaLink TM compared with PSG, we detected strong to very strong correlations. ApneaLink TM AHI and 98%  80%  65%  12%  98%  80%  64%  33%  98%  60%  93%  23 (21%) AHI, apnea-hypopnea index; ODI, oxygen desaturation index; S, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; PSG, polysomnography.
https://doi.org/10.1371/journal.pone.0198315.t005
Screening for obstructive sleep apnea among hospital outpatients ODI (autoscore and after manual revision) did not differ significantly from PSG results. In daily clinical practice, often only pulse oximetry is used. Therefore, we also verified if ApneaLink TM ODI correlated strongly with ODI and AHI derived by PSG. . The ApneaLink TM AHI was 1 (2 after manual revision), whereas the AHI obtained with PSG was 56. The ApneaLink TM ODI revealed two desaturations per hour (one after manual revision), whereas 29 desaturations per hour were found with PSG. It is possible that events were scored with ApneaLink TM that would not be scored with PSG (e.g., events not linked to arousal or desaturation). Furthermore, ApneaLink TM is not able to detect whether the events are scored during a period of wakefulness. Other disturbing factors could be displacement of the nasal cannula, damaged ApneaLink TM channels, or nasal obstruction (e.g., due to a cold). Both outliers did not take drugs, which would have reduce the respiratory rate dramatically. Previous studies with comparable screening devices (not only ApneaLink TM ) stated that manual revision is useful [37, 43] , whereas other studies reported that revised results did not differ significantly from autoscores [44] . Our manual evaluator worked without knowing PSG results or the patients' group assignment. A recent study indicated that a nonexpert observer (with 1 year of experience) showed very good agreement with an expert observer on the manual correction of the ApneaLink TM autoscoring [45] .
Correlations between ApneaLink TM and PSG
In Bland Altman plots, we detected that the ApneaLink TM autoscore respectively the ApneaLink TM manually revised score compared to PSG showed random fluctuations, which visibly Screening for obstructive sleep apnea among hospital outpatients increased in areas where the mean of AHI was higher than 20. In our two plots, the limits ranged between +/-14 to 19 units. From a clinical perspective, this is a large and therefore unacceptable spread for the AHI. We therefore have to note that the accuracy of the ApneaLink device is questionable due to the high misclassification rate compared to the PSG and the large spread in the Bland Altman plots.
Sensitivity, specificity, PPV, and NPV of ApneaLink

TM
The sensitivity (varied from 12% to 82%) in our study was comparable with other studies (from 67% an an AHI cutoff !15 [39] to 91% at an AHI cutoff !15 [41] ) in which home-measured ApneaLink TM investigation was performed. Again, in these studies, the pretest risk for OSAS was high. The highest sensitivity of ApneaLink TM in our study (82%) was found when comparing AHI! 5 with the PSG AHI and/or ODI cutoff !15. We consider this result as sufficient because it shows that ApneaLink TM had good sensitivity to detect people with a moderate sleep apnea syndrome. However, interpretation must be with caution when the ApneaLink TM AHI is low in individuals with risk factors for OSAS such as severe snoring, obesity, advanced age, and daytime sleepiness. In cases of uncertainty, PSG is still strongly recommended. Moreover, the AASM (2015 update) still considers treatment of mild OSAS as optional, because treatment data are based on limited evidence [46] . The highest specificity (99%) for ApneaLink TM in our study was for AHI and/or ODI !15 compared with PSG AHI and/or ODI !15. Here we can also assume that those who were identified as not having a moderate OSAS were correctly identified. Manual revision of ApneaLink TM data did not yield relevant clinical benefits. Although there were nine patients for whom manually revised AHI better reflected the AHI obtained from PSG, there were also nine patients who showed a closer association between ApneaLink TM autoscore and PSG results. Moreover, only four patients in the ApneaLink TM investigation (six after manual revision) and 11 patients in the PSG examination had an AHI !15.
The meaningfulness of the results regarding the AHI cutoff !15 should therefore be interpreted with caution. In other studies, the performance of ApneaLink TM also showed very good sensitivity for patients with AHI !15 (94%) [38] and 100% for patients with an AHI !30 [1] . In addition, we saw that the LR+ was greater than 1 in all analyzed categories (AHI !5 and AHI !15) of the ApneaLink TM test. The LR+ could help us better interpreting the results of the diagnostic test and shows the approximate change in probability for the disease. The effects on posttest probability of disease varied in our study from modest increase (LR+ >3 for AHI !5 ApneaLink TM autoscore and manually revised) to large increase (LR+ >18 for AHI !15
ApneaLink TM autoscore respectively LR+ >13 for manually revised score) compared to PSG.
Ideally a LR+ should be greater than 20 or at least 10 to be considered excellent or good. A LR + of 3 for OSAS is indicative of a poor test.
Comparison of AHI between ApneaLink TM (autoscore and manually revised) and PSG
We demonstrated (Figs 4 and 5) that it was not possible to show that patients with an OI suffer more from OSAS than patients without an OI using ApneaLink TM . PSG investigation is therefore still needed. As reported in other studies, workers with a diagnosed OSAS have a higher risk for experiencing workplace accident [40, 47] .
Strengths and limitations of this study/ApneaLink
TM
This study was conducted in a real-life setting using a population that is not normally screened for OSAS. Patients in our sample had no medical assignment and no Epworth Sleepiness Score reflecting daytime sleepiness. Moreover, we used PSG (the gold standard for OSAS diagnosis), which is expensive and complex, to control ApneaLink TM performance. ApneaLink TM avoids observer bias by interpreting the recordings through the ApneaLink TM software itself.
In contrast to the positive features of ApneaLink TM , certain weaknesses need to be mentioned. ApneaLink TM is not able to distinguish between central and obstructive sleep apneas [36] . If the breathing tube is kinked or has clogs, the sensor unit is defective, or the tube is not connected correctly, the signal is either weakened or invalidated. The finger pulse sensor can also be released from the finger during the night, affecting the recording process. Moreover, pulse sensor results can be falsified by nail varnish or acrylic fingernails [48] , restricted peripheral capillary circulation, or nails affected by yeasts or filamentous fungi [49] . formed in the night after the ER visit and sleep disruption due to pain from the injury cannot be excluded. None of the study participants was under treatment with high-potent opioid analgesics during the sleep studies, but it is possible that exposure to acetaminophene, NSAID or low-potent opioids like codein was different during the two sleep studies. There were 2 individuals that did not fulfill the inclusion criteria as they were younger than 18 years, and their datasets were not included in the analysis.
Questionable is also the performance of the manual revision if it is reaplicable in the same manner. Despite revising all apnea, hypopnea and desaturations of 15 nights recorded by the ApneaLink TM step by step together with the head of the sleep laboratory according to preinstalled definitions of the ApneaLink TM device (also accepted from AASM), the quality of the revision may probably not be the same as if performed by an expert, although feedback was always demanded in case of unclear events. However, the study of Nigro et al. [45] , which mentioned that a non-expert observer (with 1 year of experience) had very good agreement with an expert observer on the manual correction of the ApneaLink TM autoscore, encouraged us to do so.
Conclusions
Our results show that ApneaLink TM may be used as a clinical screening device for OSAS in patients with an OI. However, given the low number of study participants with OSAS in our study and the AASM recommendation for the use of HSAT only in patients with a high pretest probability, we do not suggest that HSAT can replace full-night attended PSG in every case. Nevertheless, when compared with data obtained in the sleep laboratory, ApneaLink TM (autoscore and after manual revision) demonstrated good sensitivity and specificity (82%) when using a AHI threshold !5 to detect moderate-to-severe OSAS (AHI and/or ODI !15) as derived by full-night attended PSG.This emphasizes the capacity of ApneaLink TM to recognize OSAS. However, the accuracy of the ApneaLink device remains questionable due to the high misclassification rate compared to the PSG and the large spread in the Bland Altman plots. Considering our results, automatic scoring from ApneaLink TM may be used to have an idea if an OSAS in patients with a low pretest risk might be present or not. However, to send people with a low-to-medium pretest risk for OSAS to PSG without clinical symptoms is inconceivable. Although ApneaLink TM is a significantly cheaper alternative to PSG for OSAS diagnostics, PSG investigation is still indicated in uncertain cases to clearly exclude an OSAS, depending on the AHI cutoff defined by the clinician. This can be the case if patients have risk factors for OSAS and present with excessive daytime sleepiness. In cases of uncertainty, ApneaLink TM investigation could be repeated before conducting a full-night attended PSG to substatiate the suspicion having an OSAS. We also recommend that issues such as marital problems, loss of job, or experiencing a traffic accident are not disregarded, as these problems may occur simultaneously and might be complications of an OSAS [50] . The use of the automatic ApneaLink TM device requires development of integrated networks between nonspecialist and specialist practitioners to allow achieving an expert system to be managed by nonexperts [37] .
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